Graphene, a two dimensional (2D) carbon sheet with one-atom thickness, has attracted increasing attention in recent years because of its unique structure and special properties[@b1][@b2][@b3]. As an analogue of graphene, boron nitride (BN) nanosheets possess a number of remarkable properties, including extremely high resistance to oxidation and good chemical inertness, electrical-insulating properties, high surface area, high thermal conductivity and stability[@b4][@b5][@b6][@b7][@b8][@b9]. Such outstanding properties make them especially promising in a wide range of applications such as field nanoemitters, photocatalyst, hydrogen storage, organic pollutant adsorption and clean-up of oil spillage[@b10][@b11][@b12][@b13][@b14]. Recently, many novel three-dimensional (3D) graphene assemblies have been synthesized by a number of different approaches[@b15][@b16][@b17]. These architectures of graphene are of interest in applications in electronics, catalysis devices, and sensors. Therefore, it is expected that developing 3D BN nanostructures will expand their significance in applications[@b18][@b19].

In recent years, water purification and treatment have drawn much attention due to the water crisis and the need for environmental protections. Organic dyes discharged from textiles, paper, plastics, tannery, and paint industries is considered as the primary pollutant in water sources[@b20][@b21]. Generally, the use of absorbent materials including active carbon, bioadsorbents and natural materials are considered to be a most desirable approach for the removal of dyes from water[@b22][@b23]. However, the low adsorption capacity and poor cycling capability have imposed significant challenges in employing them as primary adsorption materials to remove dyes from water. It has been demonstrated that BN nanomaterials can be used as an adsorption material for the removal of dyes from water[@b13][@b22]. The studies on the 3D BN architectures have flourished because they combine the property of BN materials and the stability of 3D nanostructure, which promise good adsorption capacity and stable cycling.

Herein we report the successful synthesis of a 3D BN architecture that combines high resistance to oxidation, good chemical inertness and high surface area. The 3D BN architecture with a cross-linked network structure is prepared by a simple thermal treatment process without the use of any catalyst or ex situ template. It affords a high adsorption capacity for organic dyes including cationic basic yellow 1 (BY) and anionic congo red (CR). More importantly, it can be easily recycled and reused by simply heating in air at 500°C after adsorption of dyes and up to 88% of the starting adsorption capacity is maintained after 15 cycles. This work may shed light on new adsorbent materials for the removal of dyes from water, and could potentially be applied in industrial processes for water purification and treatment.

Results
=======

The synthesis process of 3D BN architecture is descripted as below, boron trioxide (B~2~O~3~) and urea (CON~2~H~4~) with 1:10 molar ratio were first dissolved in methanol at room temperature. Urea was used as N source instead of guanidine hydrochloride in ref [@b14] due to the non-toxicity of urea. With the help of fast magnetic stirring, white crystalline powders were formed as methanol evaporated and dried out. The white crystal powders were heated in a tube furnace at 1000°C for 3 h under nitrogen/hydrogen (5% hydrogen) gas flow and white sample was produced. The excessive urea has an important role in the formation of 3D BN architecture. During the heating process, the urea is decomposed at high temperature releasing a number of gaseous species including CO~2~, HCNO, N~2~O, H~2~O and NH~3~[@b25]. The escape of gases (gas bubbles) acts as fugitive templates of the final porous structure.

The structure of the final products was studied by X-ray powder diffraction (XRD) firstly. According to the XRD pattern ([Figure 1a](#f1){ref-type="fig"}), the sample has a typical hexagonal structure of *h*-BN with two broad diffraction peaks corresponding to the (002) and (100) planes, respectively. The chemical states of B and N elements were investigated using X-ray photoelectron spectroscopy (XPS). [Figure 1b,c](#f1){ref-type="fig"} show typical B1s and N1s spectra, with corresponding binding energy of 190.8 eV, and 398.4 eV, respectively. These values are very close to the previously reported values of BN layers with BN~3~ and NB~3~ trigonal units[@b14][@b26]. The shoulder peak at 191.9 eV in the B1s spectrum is assigned to B-O bonds, which could result from the precursors and the exposure of the h-BN sample to air[@b14][@b26]. The B/N ratio from our XPS survey was calculated to be about 1.

The morphology of the sample was studied using scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The SEM image in [Figure 2a](#f2){ref-type="fig"} shows a typical 3D morphology of the BN samples. The enlarged views of the SEM images ([Figure 2b,c](#f2){ref-type="fig"}) clearly reveal the interconnected network with the porous structure of the 3D BN architecture. The TEM image shown in [Figure 2d](#f2){ref-type="fig"} is consistent with the SEM observations ([Figure 2a--c](#f2){ref-type="fig"}). Both SEM and TEM images confirm that 3D BN architecture comprises hierarchical porous structure compared to BN nanosheets in ref [@b14], including macroporosity between the sheets (100--400 nm diameter), mesoporosity (2--20 nm) and microporosity (\<2 nm) within the single nanosheets. The insert SAED pattern shows two characteristic diffraction rings corresponding to (002) and (100) lattice planes of BN, in consistent with the XRD result. In the high resolution TEM (HRTEM) images ([Figure 2e,f](#f2){ref-type="fig"}), the porous structure (marked by the white arrows in the insert) and flat layer can be clearly observed, suggesting that the architecture structure is constructed by the curly and interconnected sheets. The HRTEM image in [Figure 2f](#f2){ref-type="fig"} shows six parallel fringes at the edge region of the nanosheets, suggesting that the nanosheets have 6 stacked BN layers. The spacing between adjacent fringes was measured to be 0.34 nm which is close to the (002) plane interdistance of *h*-BN. This is consistent with the result of the XRD.

The N~2~ adsorption--desorption isotherms were conducted to determine the specific surface area of the 3D BN architecture. As shown in [Figure 3a](#f3){ref-type="fig"}, the isotherms are a characteristic of type II isotherms with a hysteresis loop at a relative pressure between 0.4 and 1.0, which reveals predominant a mesoporous structure. Calculation with the BET model gives a specific surface area of 1156 m^2^ g^−1^ and the total pore volumes 1.17 cm^3^ g^−1^. The pore diameters of the BN sample are around 2.5 nm and in the range of 2--10 nm ([Figure 3b](#f3){ref-type="fig"}) evaluated by BJH method, which further confirm the results from SEM and TEM.

Discussion
==========

Basic yellow 1 (BY), a textile dye (cationic) considered as a primary toxic pollutant in water resources, was chosen as a typical organic waste[@b27]. The starting BY concentration in water is 90 mg L^−1^. The as-obtained 3D BN architecture can remove about 99% of the BY without any additives at room temperature, as shown by the photo of water extracted at different times in [Figure 4a](#f4){ref-type="fig"}. UV-vis absorption spectroscopy was used to estimate the adsorption process at various absorption times of the BY solution after adding 10 mg of sample ([Figure 4b](#f4){ref-type="fig"}). The characteristic absorption of BY at 412 nm was chosen for monitoring the adsorption process. After only 60 min, this peak became too weak to be observed, suggesting the high efficiency for BY removal. [Figure 4b,c](#f4){ref-type="fig"} show about 99% of the BY can be removed from the water within 180 min without using any additives at room temperature.

Langmuir adsorption model is used to represent the relationship between the amount of dyes adsorbed at equilibrium (Q~e~, mg g^−1^) and the equilibrium solute concentration (C~e~, mg L^−1^)[@b26]: *Q*~e~ = *Q*~m~b*C*~e~/(1 + b*C*~e~).

Where *Q*~m~ is the maximum adsorption capacity corresponding to complete monolayer coverage and b is the equilibrium constant (L mg^−1^). The Langmuir isotherms represented in [Figure 4d](#f4){ref-type="fig"} show the maximum adsorption capacity of 3D BN architecture to be 424.3 mg/g for BY (correlation coefficients, R^2^ \> 0.99).

Besides removing cationic BY, dyes with opposite charges commonly used in the textile industry, such as the anionic dye congo red (CR), can be removed from water with a high adsorption capacity by 3D BN architecture at room temperature, as shown by the photo and UV/Vis absorption curves at different times in [Figure 5a--c](#f5){ref-type="fig"}, respectively. [Figure 5d](#f5){ref-type="fig"} shows that the maximum adsorption capacity of CR is 717.5 mg g^−1^ (R^2^ \> 0.99). Both the calculated maximum adsorption capacities of BY and CR are significantly higher than those of most nanomaterials reported previously including BN hollow spheres, BN nanocarpets, MnO~2~ hierarchical hollow nanostructures, Ni(OH)~2~ and NiO nanosheets, Co~3~O~4~-Fe~3~O~4~ hollow spheres etc.[@b13][@b24][@b28][@b29][@b30][@b31][@b32][@b33].

The high adsorption capacities for dyes can be explained by the high specific surface area, highly hierarchical porous structure, and large pore volume of 3D BN architecture which provides the sufficient spaces for adsorbing dyes. Moreover, the electrostatic attraction between the boron nitride surface and the dyes species in solution is responsible for the dyes removal[@b13][@b24][@b34][@b35]. It is noted that a non-covalent interaction (such as π--π stacking interaction) exists between lamellar BN networks and aromatic rings, which is an important contribution for enhancing the adsorption of dye molecules on 3D BN architecture[@b13][@b24]. The reason could be due to the similarity of structural features of BN networks and the aromatic rings of organic dyes.

The stability and regeneration ability of adsorbents are key criteria for practical dyes removal applications. Herein, the BN containing dyes could be regenerated by easily heating at 500°C in air for 2 h (the inserted in [Figure 4d](#f4){ref-type="fig"} and [5d](#f5){ref-type="fig"}). [Figure 6](#f6){ref-type="fig"} shows the reuse behavior of the BN sample upon BY removal/regeneration test for 15 cycles. As shown in [Figure 6](#f6){ref-type="fig"}, the regenerated materials could retain almost the same adsorption performance after the second regenerations, and still remains over 88% after 15 cycles, indicating that the as-prepared adsorbent has good reusability. The results clearly demonstrate the high stability and reuse capability of 3D BN, indicating its potentiality to be employed as efficient dyes adsorbents for practical use. Furthermore, it is worth noting that most adsorption results reported in the literature were obtained at optimal pH values. It is indicated that the high removal capacities probably could not be achieved at normal pH values under practical conditions. Thus, it is more indicative to estimate the potential capability of our 3D BN architecture for dyes removal in practical water purification, as it was measured directly, without the need for any pH adjustment.

In summary, we have synthesized 3D BN architecture constructed by porous nanosheets for high-performance removal of dyes from water, without any additives. The obtained 3D architecture is porous, high resistance to oxidation, good chemical inertness and light weight; it shows excellent adsorption performances for anionic and cationic dyes. Furthermore, it is highly stable and can be reused for several cycles without losing activity. All these features make the 3D BN architecture suitable for water purification, and indicate its potentiality in a wide range of applications including energy storage, hydrogen storage and capacitors.

Methods
=======

In a typical synthesis, boron trioxide and urea with 1:10 molar ratio were mixed in 10 mL methanol under stirring to form a clear, colourless solution. After 24 h fast stirring, a white crystalline powder (a complex between the boron trioxide and urea) was formed. The resulting powders were put into quartz boat and then heated to 1000°C at a rate of 10°C min for 3 h under nitrogen/hydrogen (5% hydrogen) flow.

X-ray diffraction patterns of the sample were collected using a Panalytical X\'Pert PRO diffraction system using Cu Kα radiation. The X-ray photoelectron spectra (XPS) were collected on an ESCALab MKII X-ray photoelectron spectrometer using non-monochromatized Mg-Ka X-ray as the excitation source. The structure of the sample was observed with a JEOL 2100F (operating at 200 kV) transmission electron microscope (TEM), and the scanning electron microscopic images were obtained with a Zeiss Supra 55 VP instrument. Nitrogen adsorption desorption isotherms were obtained using a Tristar 3000 apparatus at 77 K. The specific surface area was calculated by the Brunauer-Emmett-Teller (BET) method. The pore size distribution was calculated by the Barret-Joyner-Halenda (BJH) method.

Dye solutions (basic yellow 1 (BY) and congo red (CR)) of different concentrations were prepared by dissolving appropriate amounts of BY and CR into deionized water, respectively. In a typical adsorption of BY experiment, 10 mg of the as-prepared BN sample was added to 25 mL BY aqueous solution (90 mg L^−1^) under stirring, and UV-vis adsorption spectra were recorded at 412 nm at different time intervals to monitor the process. The adsorption isotherm was obtained by varying the initial BY concentration. The adsorption studies of CR were similar to those of BY except for the difference in detection wavelength (496 nm for CR).
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![XRD pattern (a), and XPS spectra: core-level B1s (b) and core-level N1s (c) of 3D BN architecture.](srep04453-f1){#f1}

![(a) Low-magnification SEM image of the 3D BN architecture. (b,c) High-magnification SEM images revealing the interconnected network with the porous structure. (d) TEM image of a single 3D BN architecture, inserted SAED pattern indicating a layered BN structure. (e) HRTEM image of the architecture. The inset shows the typical porous structure. (f) HRTEM image of the edge folding of a nanosheet with 6 BN layers.](srep04453-f2){#f2}

![(a) Nitrogen adsorption--desorption isotherm and (b) corresponding pore size distributions of 3D BN architecture.](srep04453-f3){#f3}

![(a) Photo of absorption progressof BY with time by new 3D BN architecture. (b) UV-vis absorption spectra of the aqueous BY solution (90 mg L^−1^, 25 mL) in the presence of 3D BN architecture at different intervals, respectively. (c) Adsorption rates of the BY on 3D BN architecture. (d) Adsorption isotherms of BY on 3D BN architecture. The insets present the photographs of the 3D BN architecture with BY composites before (upper) and after (bottom) recovering by heating at 500°C for 2 h.](srep04453-f4){#f4}

![(a) Photo of absorption progress of CR with time by new 3D BN architecture. (b) UV-vis absorption spectra of the aqueous CR solution (110 mg L^−1^, 25 mL) in the presence of 3D BN architecture at different intervals, respectively. (c) Adsorption rates of the CR on 3D BN architecture. (d) Adsorption isotherms of CR on 3D BN architecture. The insets present the photographs of the 3D BN architecture with CR composites before (upper) and after (bottom) recovering by heating at 500°C for 2 h.](srep04453-f5){#f5}

![Adsorption capacity of BY on the 3D BN architecture in 15 successive cycles of desorption--adsorption (initial BY concentration: 250 mg L^−1^; temperature: 25°C).](srep04453-f6){#f6}
